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BiFeO3 is the most famous multiferroic material, but it has no strong spontaneous magnetization
due to its antiferromagnetism. Here we show that giant ferroelectric polarization and strong spon-
taneous magnetization can be both realized in double perovskite Bi2FeMoO6 with R3 (#146) space
group based on BiFeO3. Our first-principles phonon spectra establishes that this multiferroic R3
phase is stable. Our systematic calculations show that it is a spin-polarized semiconductor with gap
reaching to 0.54 eV and has a strong ferroelectric polarization of 85µC/cm2. This ferroelctricity is
comparable with that of BiFeO3, but here obtained is a strong ferrimagnetism with net magnetic
moment of 2µB per formula unit and Curie temperature of 650 K. Both ferroelectric polarization
and magnetic easy axis are shown to be in pseudocubic [111] orientation. Our further analysis
shows that the macroscopic spontaneous magnetization can be deterministically reversed through a
three-step path by external electric field. Therefore, we believe that this Bi2FeMoO6 material can
be used to design new multifunctional materials and achieve high-performance devices.
I. INTRODUCTION
One of the most significant advantages of magneto-
electric (ME) multiferroics is that the ME coupling1,2
can be used to manipulate magnetic properties by ex-
ternal electric fields, or to control electric properties by
external magnetic field3. However, one of challenges is
to find promising multiferroic materials that have both
large magnetization and enormous ferroelectric polariza-
tion beyond room temperature. So far, the perovskite
BiFeO3 (BFO) is the only such single-phase multiferroic
material4–12. Both bulk and thin film BFO samples can
exhibit strong ferroelectricity (P ≃ 100µC/cm2) with
high Curie temperature 1100 K12 and strong antiferro-
magnetism with magnetic Neel temperature 650 K13–16.
The Dzyaloshinskii-Moriya (DM)17,18 interaction can in-
duce in it a weak ferromagnetism with a remanent mag-
netization of 0.02µB/Fe
19,20. It has been revealed theo-
retically and experimentally that BiFeO3-based systems
can display novel coupling phenomenon between sponta-
neous electric polarization in the pseudocubic [111] direc-
tion and the weak ferromagnetism perpendicular to the
[111] direction20,21, which makes it possible to control
the weak ferromagnetism through the electric polariza-
tion switching by an external electric field.
A strong macroscopic magnetization above room tem-
perature is highly desirable for energy-efficient spintronic
devices3,8. Here, we show giant ferroelectric polariza-
tion and electric reversal of strong macroscopic sponta-
neous magnetization in multiferroic Bi2FeMoO6 (BFMO)
phase with R3 space group. Its high-temperature fer-
rimagnetism have been proposed22 and its multiferroic
phase (with a small ferroelectric polarization and a mag-
netic Curie temperature beyond room temperature) has
been realized experimentally23. Our first-principles cal-
culations reveal that it is a semiconductor with gap
reaching to 0.54 eV, and has ferroelectric polarization of
85µC/cm2 and strong spontaneous ferrimagnetism with
net magnetic moment of 2µB per formula unit. Consider-
ing its ferroelectricity is similar to that of the BiFeO3, we
believe that its ferroelectric polarization can persist be-
yond room temperature as its macroscopic spontaneous
magnetization does. Furthermore, our study shows that
its magnetic easy axis is collinear with its ferroelectric
polarization vector in the pseudocubic [111] directions,
and its spontaneous magnetization can be deterministi-
cally reversed through three switching steps of its ferro-
electric polarization under an applied electric field. More
detailed results will be presented in the following.
II. COMPUTATIONAL METHODS
We use projector augmented-wave (PAW)24 plus
pseudo-potential methods within the density functional
theory25,26, as implemented in the Vienna ab initio
simulation package (VASP)27,28, to optimize the crys-
tal structures and then study the electronic structures,
ferroelectricity, and magnetic properties. The spin-
polarized generalized-gradient approximation (GGA)29,
to the electronic exchange-correlation functional, is used
to do structure optimization. To make the structures
compatible with different magnetic configurations and
atomic distortions, calculations were performed using a
40-atom super-cell which can be considered as doubling
the ideal perovskite structure along the three Cartesian
directions. Plane wave basis set with a maximum kinetic
energy of 500 eV and 3 × 3 × 3 k-point mesh generated
with the Monkhorst-Pack scheme30 were used. During
optimization, all of the structures were fully relaxed un-
til the largest force between the atoms become less than
1 meV/A˚. When we obtain very small total energy dif-
ference between two structures in terms of the pseudo-
2potential method, we use the full-potential method to
more accurately describe the total energy difference in
order to improve the total energy comparison31.
Phonon spectra are calculated with first-principles
perturbation method with norm-conserving pseudo-
potentials as implemented in package Quantum-
ESPRESSO32. The magnetic anisotropy energy (MAE)
due to the spin-orbit coupling is determined by the force
theorem, and calculated in terms of the total energy
with respect to polar and azimuthal angle along the
[111] direction. Switching paths were determined using
the ‘Nudged Elastic Band’ (NEB)33 method which can
give the most energetically favourable intermediate con-
figuration between the initial and final states. We use
the modified Becke-Johnson exchange potential to accu-
rately calculate semiconductor gaps31,34. We use modern
Berry phase method35 and take both GGA+U36,37 and
HSE0638,39 schemes to calculate electric polarization.
III. RESULTS AND DISCUSSIONS
A. Optimized structure
Possible crystalline and magnetic structures. Double
perovskite Bi2FeMoO6 (BFMO) can be related with the
famous perovskite BiFeO3 (BFO) by considering that
BFMO is obtained through partially substituting Fe in
BFO by Mo. In order to seek stable phases of BFMO,
we start with 12 basic space groups of Bi2FeMoO6 al-
lowed by group analysis40–44, and then we optimize the
crystal structures and calculate the total energies by con-
sidering three ferroelectric distortions and four magnetic
configurations: one ferromagnetic (FM) and three an-
tiferromagnetic (AFM) or ferrimagnetic (FIM) orders
of A-type, C-type, and G-type. Actually, all possible
structures related with the 12 space groups have been
considered, including the different magnetic structures
and possible ferroelectric distortions of Bi atoms in three
cartesian directions. These cover cubic, tetrahedral, or-
thorhombic, rhombohedral, hexagonal, and monoclinic
crystal systems. The most stable six phases are summa-
rized in Table I, where we present their space groups,
Glazor notes for oxygen-octahedron tilting, volumes, net
magnetic moments, and total energies (with the lowest
energy set to zero). It is interesting and reasonable that
the most stable magnetic configuration is the FIM order
of G-type for all the six structures shown in Table I. Our
results also show that the R3 phase is semiconductive,
the P21/n and R3¯ are half-metallic, and the other three
are normally metallic.
The R3 phase as a multiferroic material. Our total en-
ergy comparison reveals that the R3 is the ground state
phase with the lowest energy, and it exhibits ferroelec-
tric property. There exists a P21/n metastable magnetic
phase which is higher by only 75 meV per formula unit
than the ground state phase. This R3 phase can be con-
sidered to be distorted from the R3¯ structure, and is
TABLE I. Space groups, Glazor notes, volumes (V , in
A˚3/f.u.), magnetic moments (M , in µB/f.u.), and total en-
ergies (∆E, in meV/f.u.) of the lowest six of the structures.
No. Space group Glazor V M ∆E
1 R3 a−a−a− 133.27 2 0
2 P21/n a
−a−c+ 128.62 2 75.
3 R3¯ a−a−a− 131.94 2 401.
4 C2/m a0b−b− 129.15 2.5 364.
5 I4/m a0a0c− 127.93 2.3 763.
6 Pn3¯ a+a+a+ 128.89 2.2 921.
comparable with the ground state R3c bulk phase in the
case of BFO. Here, we focus on the R3 phase because it
has strong ferrimagnetic order, large ferroelectric polar-
ization, and useful magneto-electric coupling, as will be
shown in the following. We illustrate the crystal struc-
ture, local octahedral tilting, and crystal deformation in
Fig 1. The O-Fe-O, O-Mo-O, and Fe-O-Mo bond an-
gles are reduced to 163.3◦, 168.6◦, and 150.0◦, respec-
tively, which reflect substantial crystal deformation. We
have calculated the phonon spectra of the P21/n and R3
phases and present that of the R3 structure in Fig. 2(a).
These results show that there is not any instability in
these two cases. Because the other phases are at least 75
meV/f.u. higher than the rhombohedral R3 phase, we
believe that this R3 phase can be synthesized as epitax-
ial (111) thin films on appropriate substrates, like those
of BFO45–48.
B. Electronic structure and magnetism
Because GGA usually underestimate semiconductor
gaps, we use the modified Becke-Johnson (mBJ) ex-
change functional to study the electronic structure. Pre-
sented in Fig 2(b) is our mBJ calculated spin-dependent
density of states (DOS) of the optimized R3 structure of
Bi2FeMoO6. Our mBJ calculated gap, 0.54 eV, should
be a much better value for the true gap because mBJ
has been proved to give accurate semiconductor gaps for
most of semiconductors and, more importantly, our mBJ
gap for BFO is equivalent to 2.1 eV which is in good
agreement with experimental results of 2.5 eV49,50. Our
analysis reveals that in the spin-up DOS, the three filled
Fe t2g bands merges into the oxygen p bands and the
two filled Fe eg bands are separated from them, and the
lowest empty bands, mainly from Mo 4d states, are above
1.75 eV. It can be seen that the semiconductor gap, 0.54
eV, is formed between the three filled Mo 4d bands and
the three empty Fe 3d ones in the spin-down channel.
Totally, we have five Fe d electrons in the spin-up chan-
nel and three Mo d electrons in the spin-down channel,
and thus the magnetic moment per formula unit is equiv-
alent to 2µB, which is consistent with the calculated
data. We also use other exchange-correlation schemes
to calculate the semiconductor gap and thereby make
3FIG. 1. The key structural features: (a) the crystal structure of BFMO showing the alternate occupation of Fe and Mo at the
B-sites along the [111] direction, (b) the primitive cell of BFMO with the O octahedron of Mo shown, (c) the relative rotation
projected on the (111) plane of an O octahedron of Fe with respect to the nearest O octahedra of Mo, and (d) and (e) the
two neighboring O octahedra of Fe and Mo projected on the plane of the Fe-O-Mo triangle and projected on the perpendicular
plane including the Fe and Mo ions.
sure that the semiconductor gap is true for the R3 phase
of Bi2FeMoO6. On the other hand, we also calculate
spin exchange energies and Curie temperatures for the
R3 phase, confirming the high magnetic Curie tempera-
ture of 650 K22.
C. Excellent multiferroics
We have studied the effect of the spin-orbit coupling
for the R3 phase. We present the calculated magne-
tocrystalline anisotropy energy (MAE) as functions of
the polar and azimuthal angles in Fig. 2 (c) and (d).
Here, the polar and azimuthal angles are defined with
respect to the pseudo[111] direction. In contrast to the
magnetic easy plane for BFO20,51, BFMO has a mag-
netic easy axis and its magnetization tends to align along
the pseudocubic [111] axis. Actually, the MAE can be
well described by a simple expression, EMA = 1.5 sin
2 θ
in meV, where the polar angle θ takes values from 0
to π. On the other hand, we have analyze the ionic
positions of the R3 phase projected in the [111] direc-
tion and show the result in Fig 2 (e). We observe clear
cation displacements with respect to their oxygen envi-
ronment, which are like those in the BFO which exhibits
strong ferroelectricity. Furthermore, we quantitatively
investigate the ferroelectricity of BFMO through mod-
ern DFT-based calculations with both GGA+U36,37 and
HSE0638,39 methods. For the GGA+U scheme, we use
one set of parameter (U,J)= (2.5eV,0.5eV) for Mo and
three sets for Fe: (U,J)=(2eV,0.8eV), (4eV,0.8eV), and
(8eV,0.8eV). Our calculations give a large spontaneous
ferroelectric polarization 85.µC/cm2 in the [111] direc-
tion, which is nearly independent of calculational schemes
and parameters. In addition to the high magnetic Curie
temperature, we expect a high ferroelectric Curie temper-
ature for this ferroelectricity because it should share the
similar mechanism of ferroelectricity with BFO. There-
fore, BFMO should be an excellent multiferroic material.
4FIG. 2. Basic properties of BFMO: (a) the electronic density of states (DOS), (b) the phonon spectra showing no structural
instability, (c) and (d) the relative total energies in a plane including the [111] axis and in the (111) plane, and (e) an analysis
of ion displacements. The DOS in (a), in state/eV per primitive cell, shows a net moment 2µB and a semiconductor gap 0.54
eV, and the upper half shows spin-up DOS and the lower spin-down DOS. The energies in (c,d) shows a uniaxial easy axis
in [111] and an MCA energy of 1.5 meV. The skew numbers on the horizontal line in (e) are the relative distances between
the positive ions (Bi1, Fe, Bi2, Mo) and the centers of the nearest O triangles (∆1, ∆2, ∆3, ∆4), and the numbers above the
vertical lines show the relative rotational angles around the [111] axis and the edge lengthes of the O triangles, respectively.
There is a 60◦ rotation between ∆1 and ∆2, and between ∆3 and ∆4.
D. Electric reversal of magnetization
Cubic anisotropy and reversal paths of ferroelectric po-
larization. Actually, there are eight equivalent [111] di-
rections, which implies that the ferroelectric anisotropy
is cubic21,51. We can describe the ferroelectric crystalline
anisotropy by the following expression,
Ef = K[1/3− (α
2
1α
2
2 + α
2
2α
2
3 + α
2
3α
2
1)], (1)
where (α1,α2,α3) denotes the directional cosine of the
ferroelectric polarization vector and our calculation gives
K = 1.44 eV. The ferroelectric polarization anisotropy is
plotted in Fig. 3(a), where there are eight minima or
bottom points (B0, B1, B2, B3 etc.) and twelve saddle
5FIG. 3. Reversal of the uniaxial magnetization driven by electric three-step switching of polarization. (a) collinear reversal
of polarization through −P → 0 → +P , with energy barriers of 340 meV/f.u.; (b) rotational reversal of polarization through
three steps 0◦ → 71◦ →֒ 109◦ → 180◦, with energy barriers of 120 meV/f.u.; and (c) the three-step reversal of the electric
polarization and the uniaxial magnetization with an electric field applied in the 180◦ direction. The polar angles accrued at
B1, B2, and B3 are 71◦, 109◦, and 180◦, respectively. Both of the vectors actually rotate by 71◦ for each step, with the second
step contributing only 38◦ to the polar angle.
points (S1, S2, S3 etc). Assuming usual collinear polar-
ization reversal over the R3¯ structure as an intermediate
one, −P → 0 → +P , our DFT calculation gives an en-
ergy barrier 340 meV per formula unit. In addition, we
have found a three-step path for the polarization rever-
sal: 0◦ → 71◦ →֒ 109◦ → 180◦, where the three nonzero
angles describe the polar angles of B1, B2, and B3 with
respect to B0. Along this path, the polarization vector
actually changes the equivalent angle of 71◦ three times,
but the second step is not in the polar angle direction,
contributing to only 38◦ to the polar angle, as shown in
Fig. 3(b). The barrier for each of the three steps, the
energy difference between the saddle points and the bot-
tom points, is equivalent to 120 meV per formula unit,
substantially lower than that of the collinear reversal.
Therefore, this three-step reversal path is favorable in
energy.
Electric three-step reversal of strong magnetization. As
we have shown above, the magnetic [111] easy axis is
collinear with the ferroelectric polarization vector along
the [111] direction. The MA energy can be re-written as
EMA = cme( ~M × ~P )
2, where ~M is magnetization vec-
tor and cme (> 0) describes the magneto-electric cou-
pling strength. As shown in Fig. 3(c), if we apply an
electric field antiparallel to the ferroelectric polarization
vector, the field can make the energy curve substantially
decline. For each of the energy wells, because the left
barrier is substantially lower than the right barrier, the
polarization vector will try to follow the field. Applying
a rotational electric field, from 0 to 180◦, can make the
polarization vector follow the three-step path for the po-
larization reversal: 0◦ → 71◦ →֒ 109◦ → 180◦. Because
of EMA, the magnetization tends to stay in the same
direction as the ferroelectric polarization vector and will
finally reverse, as long as the rotation of the electric field
is slow enough.
IV. CONCLUSION
In conclusion, we have investigated double perovskite
Bi2FeMoO6 through systematic DFT calculations and
structural analyses. Our careful GGA optimization re-
veals that the Bi2FeMoO6 in the R3 structure is a ferri-
6magnetic semiconductor and the net moment reaches to
2µB per formula unit because the magnetic moments of
Fe and Mo cannot be canceled. The semiconductor gap
has been corrected with mBJ potential, reaching to 0.54
eV. Our DFT-based polarization calculations directly
shows that the Bi2FeMoO6 has strong ferroelectric po-
larization 85µC/cm2 in the pseudocubic [111] direction.
Therefore, we believe that the strong ferroelectricity in
the Bi2FeMoO6 can have high Curie temperature far be-
yond room temperature, because its mechanism should
be similar to that of BFO. With the spin-orbit effect into
account, our calculation show that the magnetic easy axis
is also in the [111] axis. Because the ferroelectric polar-
ization and magnetic easy axis are both in pseudocubic
[111] orientation, we show that the strong macroscopic
spontaneous magnetization can be deterministically re-
versed through a three-step path by external electric
field. When realized, the high-quality Bi2FeMoO6 ma-
terial, like BiFeO3, can be useful for designing new mul-
tifunctional materials and achieve high-performance de-
vices in the future.
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